Pseudomonas aeruginosa is an important pulmonary pathogen in cystic fibrosis, but the means by which it evades host defenses is understood poorly. Macrophages (M+) are critical in protecting the lung and mucosal surfaces against infection and may need to perform their functions in the absence of opsonins before the evolution of an inflammatory response. The purpose of the present study was to define factors that regulate the capacity of macrophages to mediate nonopsonic phagocytosis. phagocytosis. (J. Clin. Invest. 1992. 90:1085-1092
Introduction
Pseudomonas aeruginosa is the predominant cause of pulmonary infection in patients with cystic fibrosis, but an immunological explanation for this has not been found (1) . Macrophages (M4)' are critical in protecting the lung and mucosal pathogens in the absence of exogenous opsonins. Phagocytic cell dysfunction has been suggested but not demonstrated in cystic fibrosis. The purpose ofthe present investigations was to explore the factors that regulate phagocytosis of unopsonized P. aeruginosa to better understand the dynamic host-parasite relationship in cystic fibrosis lung infections.
Strains of P. aeruginosa from patients with cystic fibrosis are susceptible to phagocytosis by human neutrophils and Mos in the absence of serum opsonins (2) . Nonopsonic phagocytosis of P. aeruginosa is a receptor-mediated event that is facilitated by certain bacterial features; mucoid strains are relatively resistant to phagocytosis and bacterial pili appear to enhance the process (3, 4) . Although the MO receptor(s) mediating nonopsonic phagocytosis have been characterized functionally, their specific structures have not been identified. They share many of the characteristics of the mannosyl/fucosyl receptor yet certain features suggest that they are distinct (5) . Previous investigations of phagocytosis of unopsonized P. aeruginosa have used human monocyte-derived M4s (4, 5) . These studies have been frustrated by the difficulties in obtaining large numbers ofcells, the biological variability among leukocyte donors, and the influences introduced by in vitro cultivation of monocytes. To gain a better understanding of receptor-mediated nonopsonic phagocytosis of P. aeruginosa, studies were initiated with murine M4s. These studies used "mature" M4s and demonstrated that the receptor for unopsonized P. aeruginosa is absolutely dependent upon glucose for ingestion in distinction to the other better characterized phagocytic receptors. Glucose is present in diminishingly low concentrations in bronchial fluid (6) . The propensity of P. aeruginosa to cause pulmonary infections in patients with cystic fibrosis might be explained by this unique dependency upon glucose for MO-mediated ingestion.
Methods
Particles for phagocytosis P. aeruginosa strain P-I is a nonmucoid derivative of a mucoid cystic fibrosis isolate (2) . It has a rough lipopolysaccharide, is susceptible to the bactericidal effect ofhuman serum, and has from one to three polar pili per bacterium (3) . It was grown overnight under static conditions in L broth (10 g tryptone [Difco Laboratories, Inc., Detroit, MI], 5 g yeast extract [Difco Laboratories, Inc.] and 10 g NaCl/liter distilled water) and frozen in aliquots at -70°C. Bacteria for each experiment were inoculated 1:100 from frozen stock in L broth and grown overnight under static conditions at 37°C. Immediately before use in phagocytosis experiments, the bacteria were gently vortexed to disrupt the pellicle and used without washing. Phagocytosis was usually assessed with unopsonized bacteria. Opsonization for some experiments was Unopsonized zymosan, erythrocytes opsonized with IgG (EIgG), and erythrocytes opsonized with IgM and complement (E(IgM)C) were prepared exactly as described (4 (8) .
Cell culture media were prepared by the Terry Fox Laboratory (Vancouver, BC, Canada). Leibovitz's medium (LI 5) contained D( +) galactose (900 mg/liter) as the carbon source. To the L 15 medium was added 10 mM HEPES. Dulbecco's modified minimal essential medium (DMEM) and HBSS were prepared without glucose. RPMI 1640 medium (with 11 mM i-glucose) was prepared in the standard manner.
Phagocytosis
Mice were killed with CO2 or by exsanguination, and peritoneal or pulmonary alveolar cells were lavaged with PBS. Leukocytes were then washed in PBS, adjusted to -4 x 105/ml in RPMI 1640, and 50 ,l was loaded onto acid-washed 11-mm diameter round glass coverslips. The coverslips were incubated at 37°C in 5% CO2 and dipped several times in PBS to remove nonadherent cells. Peritoneal cells were used fresh and pulmonary cells were incubated overnight in 5% CO2 before use. The coverslips were then added to duplicate 24-well plastic tissue culture plates (Becton Dickinson, Lincoln Park, NJ) with each well containing 400 IAI of the medium in which the phagocytosis assay was to be performed. The plates were incubated at room temperature in ambient CO2 for 30 min. After this period of equilibration, 40 JA of bacteria (prepared as described above) were added to each ofthe wells. The plates were incubated at 37°C at ambient CO2 for 60 min after which the coverslips were washed by gently injecting and aspirating 1 ml PBS six times. Methanol was then added to all wells of one of the duplicate plates and the coverslips contained therein were assessed for total bacteria bound and ingested. Wells in the other plate were treated to lyse all uningested bacteria as follows: The plate was chilled on ice and 500 td ice-cold lysozyme (5 mg/ml; Sigma Chemical Co.) in 0.25 M Tris buffer, pH 8.0, was added to each well. The plates were further incubated on ice for 5 min and then the wells were washed with PBS.
Finally, bacterial spheroplasts were lysed by adding 500 41 ice-cold distilled water for 2 min and the coverslips were washed with PBS and fixed with methanol. The coverslips were air-dried, mounted on glass microscope slides, and stained with toluidine blue ( 1% in 1% borax). In some experiments, the bacteria were centrifuged onto the Mos for 7 min at 1,500 g at room temperature immediately after the addition of bacteria to the wells.
Intraperitoneal neutrophils were obtained from mice 1 d after thioglycollate broth injection. The cells were washed, resuspended in HBSS with 0.1% gelatin (gHBSS), and mixed in a ratio of 1 neutrophil to 10 bacteria in 4-ml polypropylene snap top tubes (Falcon Plastics, Cockeysville, MD). The mixture was tumbled end over end for 1 h at 37°C and the uningested bacteria removed by three washes in gHBSS with centrifugation (168 g). The washed neutrophils were deposited on glass slides by cytocentrifugation (cytospin 2; Shandon Southern Instruments, Inc., Sewickley, PA), air-dried overnight, and stained with crystal violet.
Phagocytosis and binding were assessed by bright-field microscopy as described previously (5). Total ingested and bound bacteria were all those associated with leukocytes. Ingested bacteria were only those associated with leukocytes after lysozyme treatment.
Electron microscopy
Transmission electron microscopy. Resident peritoneal Mos (107) were mixed with P. aeruginosa (3 x 108) in a volume of 3 ml L15 medium (with or without 10 mM D-glucose) in 1 5-ml conical polypropylene tubes. The phagocytosis mixture was rotated for different periods of time, washed twice with PBS, and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer as described (9) . The specimen was dehydrated with graded concentrations of ethanol, sectioned, and viewed with an electron microscope (JEOL 100 CX; JEOL, London, UK) operating at 80 kV.
Scanning electron microscopy. Approximately 3 X 105 M4s were plated on each of several glass chips and bacteria were added as described above for assessment of phagocytosis. After appropriate incubations in L1 5 medium (with or without 10 mM D-glucose), the monolayer was washed with PBS and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Specimens were prepared as described (9) and viewed with an electron microscope (JEOL 100 CX; JEOL) with scanning attachment operating at 40 kV.
Statistics. Differences were analyzed by a two-tailed Student's t test. A P value of < 0.05 was considered statistically significant.
Results
Glucose is requiredfor phagocytosis ofunopsonized P. aeruginosa by Mqs. When Mks were incubated with unopsonized P. aeruginosa in L15, a medium that contains galactose rather than glucose, we noticed that the bacteria were bound but not ingested. Fig. 1 A demonstrates bacteria bound to thioglycollate-elicited murine peritoneal Mos. After lysozyme treatment ( Fig. 1 C) , bacteria were only rarely seen associated with the Mos. When RPMI 1640 medium (that contains glucose) was substituted for Ll 5, phagocytosis was clearly evident (data not shown). To determine the phagocytosis-promoting factor in RPMI 1640 that was absent from L1 5, additional experiments were performed. When D-glucose was added, phagocytosis was enhanced in a dose-dependent fashion (Fig. 2) , with 10 mM the optimum concentration. All subsequent experiments were therefore performed with 10 mM D-glucose. Glucose promoted ingestion of all 10 additional P. aeruginosa strains examined (data not shown). Bacteria that were phagocytosed in the presence of glucose ( Fig. 1 B) were resistant to lysozyme-mediated lysis (Fig. 1 D) . Glucose selectively promoted uptake of unopsonized P. aeruginosa. Phagocytosis of unopsonized zymosan occurred even ifunopsonized P. aeruginosa was added, both in the absence (Fig. 1 E) and presence ( Fig. 1 F) of 10 mM D-glucose.
Ultrastructural studies were performed to explore more fully the process by which glucose promoted nonopsonic phagocytosis. Bacteria that bound to the M surface in the absence of (Fig. 3, A and B) . These D-mannose filaments appeared to be peritrichal rather than polar. The expression of these unusual structures was independent of glucose and was also observed when bacteria were plated on glass.
The structures extended both among bacteria and between bacteria and M4s and they appeared to be ofbacterial origin. Some bound bacteria were nestled among pseudopodia (Fig. 3 C) and, after glucose was added, were observed partially obscured within collar-like MO structures (Fig. 3 D) .
M4s were fully viable after incubation with or without Dglucose. Electron microscopic examination demonstrated that unopsonized P. aeruginosa entered Mos in a "zippering-like" manner whereby pseudopodia engulfed the bacteria by spreading circumferentially around their surfaces. (Fig. 4) . Bacteria \* \ were bound to the MO surface in the absence ofglucose (Fig. 4 \ \ AA) and then were engulfed within pseudopodia after the addiv < \ tion of glucose (Fig. 4 B) . Phagocytosed bacteria were subse-...o ,quently observed singly (Fig. 4 C) Another experiment was performed to confirm that glucose was acting on the Mar rather than the bacteria. (Table III) .
Glucose-dependent Phagocytosis ofPseudomonas 1089 Bacteria were killed with Formalin, washed, and then centrifuged onto coverslips upon which M4s had been plated. Phagocytosis of both live and Formalin-killed bacteria was substantially enhanced in the presence of glucose. Whereas live bacteria were well ingested with or without centrifugation, Formalin-killed bacteria were ingested only when centrifuged onto the Mos. * Macrophages were incubated with bacteria for 60 min and washed, after which uningested bacteria were lysed with lysozyme. t Bacteria were forced onto the monolayer by centrifugation at 1,500 g for 7 min or were allowed to contact the monolayer without centrifugation. § Different from number of bacteria ingested in absence of added glucose (P < 0.001).
Finally, P. aeruginosa were grown in L-broth supplemented with 10 mM D-glucose. When the bacteria were added to the LI 5 phagocytosis buffer, the glucose was diluted to 0.5 mM and phagocytosis was not facilitated (data not shown). This further suggested that the glucose was not inducing elaboration of a phagocytosis-promoting ligand on the bacteria.
Effect ofDglucose on phagocytosis ofunopsonized Pseudomonas aeruginosa by different phagocytic cells. Resident and thioglycollate-elicited peritoneal and pulmonary alveolar Mks from BALB/c mice ingested unopsonized P. aeruginosa to a similar extent, but both required D-glucose (Table IV) . The same was true for biogel-elicited peritoneal and bone marrowderived M4s from BALB/c mice and peritoneal Mks from C57 mice (data not shown). Although those diverse MO phenotypes were all dependent upon glucose for phagocytosis, murine neutrophils were able to bind and ingest unopsonized P. aeruginosa in the absence of added sugar (Table IV) . Enhancement ofphagocytosis by D-glucose was specificfor P. aeruginosa. Unopsonized P. aeruginosa was the only particle tested that was not ingested by peritoneal M4s in the absence of D-glucose (Table V) . Phagocytosis of unopsonized zymosan E(IgM)Cs and EIgGs was equivalent in the absence Glucose-dependent ingestion appears to be specific for P. aeruginosa and was observed with 10 different bacterial isolates (data not shown). Other Gram-negative bacterial species (including Escherichia coli and Salmonella typhimurium)
were ingested equally well in the absence and presence of glucose (data not shown). We are currently attempting to identify and purify the putative bacterial ligand, which might be one of various mannose-or galactose-specific P. aeruginosa lectins ( 11 ) . It is possible that the nonopsonic receptor is similar to the glycolipids that bind specifically to both P. aeruginosa and Pseudomonas cepacia ( 12) .
CR3 possesses some of the characteristics of the receptormediated phagocytic processes described in this paper. Although CR3 is competent constitutively to bind particles coated with iC3b, ingestion only occurs ifthe Mks are exposed to agents such as phorbol esters or fibronectin (13, 14) . Whereas such observations indicate two steps in CR3-mediated ingestion, both appear to be mediated by a single type of receptor. Unlike phagocytosis by CR3, ingestion of unopsonized P. aeruginosa was unaffected by phorbol myristate acetate in the absence or presence of glucose or by antibody to CR3 (data not shown). Furthermore, resident peritoneal MIs were able constitutively to ingest unopsonized P. aeruginosa, whereas complement-coated particles are bound but not ingested under the same conditions.
A role for glucose in receptor-mediated phagocytosis has been investigated previously (10 Phagocytosis is an active process dependent upon recruitment ofspecific receptors to the plasma membrane. The mechanism by which glucose promotes this process with unopsonized P. aeruginosa remains to be determined. Glycolysis provides the energy required for phagocytosis ( 17) , and glucose may serve as the necessary substrate. MO hexokinase activity is very high relative to other cell types, suggesting that glucose is an important metabolic fuel ( 18) . Alternatively, glycosylation of an essential membrane protein or lipid may be required for ingestion of unopsonized P. aeruginosa. Such a modification could be required to alter the functional state of a specific receptor or to permit transduction of a signal for facilitating the ingestion of a bound particle. P. aeruginosa, which bound to Mks in the absence of glucose, elaborated a network of filaments emanating in a peritrichal array. This was an unexpected observation and one that could not have been predicted from previous published observations. These may be novel structures, since the other major appendages (pili and flagella) arise only from the bacterial poles ( 19). Similar appendages have been demonstrated on other Gram-negative bacteria when they adhere to eukaryotic surfaces (20, 21 ). In fact, contact with specific types of surfaces induces Salmonella spp. to produce new major cell surface components (22) . These structures were elaborated in the presence and absence ofglucose and therefore probably did not act to inhibit phagocytosis.
Previous studies on nonopsonic phagocytosis ofP. aeruginosa have been frustrated by an inability to differentiate between bound and ingested bacteria. The observation that lysozyme could disrupt uningested bacteria was unexpected since most strains of Pseudomonas are lysozyme resistant. The susceptibility of strain P-1 (used in our studies) to lysozyme is probably due to the fact that it is a clinical isolate with a rough LPS (23) , whereas most strains of P. aeruginosa used in laboratory investigations are LPS-smooth. This susceptibility to lyso-ingest unopsonized P. aeruginosa in the absence of glucose provided an opportunity to characterize functionally the two discrete stages of binding and ingestion. Aided by these observations, we intend to characterize the receptors mediating binding and ingestion ofunopsonized P. aeruginosa and to develop reagents capable of blocking these processes. With such reagents in hand, it should be possible to gain a better understanding of the modulation of nonopsonic receptor-mediated processes and to determine the role that these receptors might play in normal host defense against infection.
Nonopsonic phagocytosis by Mos may be critically important in defense of the lower respiratory tract against infection before the initiation of an inflammatory response with the attendant influx ofneutrophils, complement, and immunoglobulin. Bronchial fluid has diminishingly low levels ofglucose present under normal conditions (6) . The predilection of P. aeruginosa for lower airway disease in patients with cystic fibrosis might be explained in part by the unique dependency upon glucose for MO-mediated ingestion of this particular bacterial species.
